We examined long-term optical/near-infrared (NIR) flux variability of a "changinglook" active galactic nucleus ( The R dust in the faint state is comparable to the Hβ broad line region (BLR) radius of R Hβ,BLR ≃ 26 lt-days measured by previous reverberation mapping observations during the bright state of Mrk 590 in 1990 − 1996. These observations indicate that the innermost radius of the dust torus in Mrk 590 decreased rapidly after the AGN ultraviolet-optical luminosity drop, and that the replenishment time scale of the innermost dust distribution is less than 4 years, which is much shorter than the free fall time scale of BLR gas or dust clouds. We suggest that rapid replenishment of the innermost dust distribution can be accomplished either by (1) new dust formation in radiatively-cooled BLR gas clouds or (2) new dust formation in the disk atmosphere and subsequent vertical wind from the dusty disk launched by radiation pressure.
INTRODUCTION
Active galactic nuclei (AGNs) are generally characterised by ultraviolet (UV)-optical blue continua from accretion disks surrounding supermassive black holes (SMBHs), broad emission lines (BELs), and hot dust emission at near-infrared (NIR) wavelengths. The BELs from AGNs are produced in a broad line region (BLR) located above the accretion disks, that are photoionised by intense disk UV radiation (e.g., Osterbrock & Mathews 1986) . The innermost part of the dust torus surrounding the disk/BLR region is responsible for the IR thermal emission from the hot dust. The dust grains in the dust torus are in radiative equilibrium ⋆ E-mail: mkokubo@astr.tohoku.ac.jp † JSPS fellow with the disk UV radiation, and the innermost radius of the dust torus corresponds to the dust sublimation radius where the equilibrium temperature of the dust grains equals the dust sublimation temperature of ∼ 1, 400 − 2, 000 K (e.g., Barvainis 1987; Laor & Draine 1993; Baskin & Laor 2018) . The AGN accretion disk emission generally shows time variability on time scales of days to years; thus, the BELs and the dust IR continuum inevitably change their luminosities with time delays relative to disk continuum variations, which correspond to light travel times from the disk to the BLR and dust torus innermost radius (R dust ), respectively. BLR/dust reverberation mapping methods are used to measure time lags between a UV-optical disk continuum light curve and a BEL/IR light curve of an AGN and, consequently, to constrain the size of the innermost radius of the otherwise spatially unresolved BLR and dust torus in c 2019 The Authors the AGN (Peterson & Horne 2004; Suganuma et al. 2006; Koshida et al. 2014 , and references therein).
There have been several BLR and dust reverberation mapping observation campaigns to date. The BLR reverberation mapping observations for local Seyfert galaxies and some high redshift quasars have been carried out by several groups (e.g., Peterson et al. 1998 Peterson et al. , 2004 Kaspi et al. 2000; Bentz et al. 2009b; Denney et al. 2010; Grier et al. 2012; Du et al. 2014; Fausnaugh et al. 2017 ); a compilation of ∼ 40 AGNs with secure Hβ BLR lag detection can be found in Bentz et al. (2009a Bentz et al. ( , 2013 . Dust reverberation mapping observations have also been measured for several individual AGNs (Clavel et al. 1989; Glass 1992; Sitko et al. 1993; Glass 2004) . The first systematic investigation of dust reverberation mapping was carried out by the Multicolor Active Galactic Nuclei Monitoring (MAGNUM) project (Yoshii 2002; Yoshii et al. 2003; Minezaki et al. 2004; Tomita et al. 2006; Suganuma et al. 2006; Koshida et al. 2009; Sakata et al. 2010; Koshida et al. 2014; Yoshii et al. 2014) . The MAGNUM project produced accurate K-band dust reverberation lag measurements for 17 local Seyfert 1 galaxies (Suganuma et al. 2006; Koshida et al. 2014) .
Among the 17 AGNs with dust reverberation lag measurements obtained by MAGNUM , 15 have literature values for the Hβ BLR lag (see Section 2.1 for more details). Comparisons between the Hβ BLR and dust reverberation lags in a sample of AGNs revealed that the dust innermost radii are generally larger compared to the Hβ BLR radii, by a factor of ∼ 4 (Suganuma et al. 2006; Koshida et al. 2014; Du et al. 2015; Bentz et al. 2016) . However, it has also been pointed out by several authors that the relationship between the BLR and the dust innermost radii (R Hβ BLR and R dust , respectively) in some AGNs seems to deviate from the general trend of R dust = 4 × R Hβ BLR . As recapitulated in Section 2.1, Mrk 590 is the most significant outlier in the BLR−dust radius relation of the AGNs (Gandhi et al. 2015; Du et al. 2015) ; the Hβ radius of Mrk 590 is only slightly larger than the dust radius (by a factor of ∼ 1.4).
Interestingly, Mrk 590 is known as a "changing-look" AGN (e.g., LaMassa et al. 2015) . Denney et al. (2014) showed that the X-ray, UV-optical, and radio luminosity of Mrk 590 decreased dramatically at some time between 1996 and 2003. Associated with this decrease in the continuum luminosity, the BEL luminosities had become very weak; thus, Mrk 590 changed from an optical classification of Seyfert 1 to Seyfert 1.9 − 2 (Rivers et al. 2012; Denney et al. 2014; Koay et al. 2016a,b; Raimundo et al. 2019) . MAGNUM dust reverberation mapping observations for Mrk 590 were carried out in 2003 −2007 was in the faint state. However, Hβ BLR reverberation mapping monitoring for Mrk 590 was carried out in 1990 (Peterson et al. 1998 Bentz et al. 2009a Bentz et al. , 2013 , when Mrk 590 was in the brighter state. Considering the different luminosity states between the epochs of the BLR and the dust reverberation monitoring observations, in this work we show that the relatively small R dust /R Hβ BLR ratio in Mrk 590 can be interpreted as a result of intrinsic variations of the dust innermost radius due to the significant UV-optical luminosity decrease that occurred between the mid-1990s and the early 2000s.
In this study, we analysed archival multi-epoch optical photometry data for Mrk 590 obtained in 1998−2007 by the Sloan Digital Sky Survey (SDSS). Using these multi-epoch data, we constrained the period when the optical luminosity of Mrk 590 had begun to decrease, which is suggested by Denney et al. (2014) to have occurred sometime between 1996 and 2003. Then, from the time difference between the epoch of the luminosity drop and the epoch of the dust lag measurement by MAGNUM, we constrained the time scale to within which the innermost radius of the dust torus of Mrk 590 had been adjusted to the decreased dust sublimation radius in the faint state. We concluded that the variations of the dust innermost radius of Mrk 590 occurred so rapidly that they cannot be explained by radial inflow of the dust clouds. Instead, we suggest that the observed short time scale of the variations of the dust innermost radius requires new dust formation in the radiatively-cooled BLR gas located in between dust sublimation radii at the bright and faint states of Mrk 590.
Throughout this paper, we assume three-Year Wilkinson Microwave Anisotropy Probe cosmology (Spergel et al. 2007 ); H0 = 73 km s −1 Mpc −1 , Ωm = 0.27, and ΩΛ = 0.73. The zero-point flux of the AB magnitude system is 3,631 Jy, and the SDSS magnitude system is assumed to be identical to the AB magnitude system (e.g., Suzuki & Fukugita 2018) .
DATA
Mrk 590 (R.A = 02:14:33.561, Decl. = −00:46:00.18), a "changing-look" AGN at z = 0.02639, was a typical Seyfert 1 AGN before 2006, but has since been reclassified as a Seyfert 1.9−2, owing to the disappearance of the broad Balmer emission lines in the optical spectra after 2013 (Peterson et al. 1998; Landt et al. 2008; Bentz et al. 2009a; Denney et al. 2014) . The luminosity distance and angular scale corrected for the Virgo infall + Great Attractor + Shapley supercluster local flow are dL = 107 Mpc and 0.495 kpc arcsec −1 , respectively (taken from the NASA/IPAC Extragalactic Database, NED).
The Hβ BLR reverberation mapping measurement provided an estimate of MBH = 3.71 +0.57 −0.58 × 10 7 M⊙ (Grier et al. 2013; Bentz & Katz 2015) . The Galactic extinction coefficients toward the direction of Mrk 590 in units of magnitude are as follows: AV = 0.101, Ag = 0.121, Ar = 0.084, and AK = 0.011 mag (taken from NED, originally from Fitzpatrick 1999; Schlafly & Finkbeiner 2011) .
BLR and dust reverberation radii: Mrk 590 as an outlier
Among the 17 AGNs for which dust reverberation lags were measured by the MAGNUM project , 15 AGNs have Hβ BLR lag measurements in the literature, as listed in Table 1 . Most of the Hβ reverberation lag measurements were taken from Bentz et al. (2009a Bentz et al. ( , 2013 , which provide the most up-to-date compilation of these measurements (Peterson et al. 1998 Bentz et al. 2006b; Denney et al. 2006 Denney et al. , 2010 . For objects with multiple lag measurements, weighted averages of Hβ lags were taken from Bentz et al. (2009a) ; AGN luminosities calculated from the Column (2) is the rest-frame BLR Hβ lags. Column (3) is the starlight-corrected AGN luminosities at the rest-frame 5,100Åat the epochs of the Hβ BLR lag measurements. The luminosities are recalculated using luminosity distances on the assumption of ΛCDM cosmology of H 0 = 73 km s −1 Mpc −1 , Ωm = 0.27, and Ω Λ = 0.73 (the Virgo infall + Great Attractor + Shapley supercluster local flow) and the extinction coefficients of Schlafly & Finkbeiner (2011) obtained from NED. The uncertainty in the luminosity does not include the uncertainty in the distance. For objects with multiple lag measurements, weighted averages of Hβ lags and AGN luminosities are listed. Column (4) shows the references of the BLR Hβ reverberation measurements. Column (5) shows the weighted average cross-correlation centroid dust lags (Table 7 , Column 5 of Koshida et al. (2014) ), corrected for a redshift dilation of 1 + z to convert them to rest-frame values. The cross-correlation was calculated by assuming αν = 0 for the AGN continuum to subtract the accretion-disk component in the K-band flux. Column (6) is the AGN luminosities at the epochs of the dust lag measurements (Table 7 , Column 4 of Koshida et al. (2014) ), on the same assumption regarding the cosmology and extinction coefficients of Column (3). References -(1) Bentz et al. (2009a) , (2) Fausnaugh et al. (2017) , (3) Denney et al. (2010) , (4) Peterson et al. (2014) , (5) Bentz et al. (2013) .
AGN fluxes taken from Bentz et al. (2013) are listed. For NGC 7469 and MCG+08-11-011, recent Hβ BLR reverberation mapping results were taken from Peterson et al. (2014) and Fausnaugh et al. (2017) , respectively. In Table 1 , the individual Hβ lag and rest-frame 5100Å AGN luminosity of Mrk 590 at each of the four epochs of the reverberation mapping observations are also shown. The four epochs of the Hβ lags and the AGN rest-frame 5100Å luminosities are based on light curve data collected by Peterson et al. (1998) Fig. 1 shows the relationship between the BLR radius and the dust innermost radius of 15 Seyfert galaxies determined from reverberation mapping observations, as summarised in Table 1 . The dust radii generally have a larger radius compared to the Hβ BLR radius, by a factor of ∼ 4, as already pointed out by several authors (Suganuma et al. 2006; Koshida et al. 2014; Du et al. 2015; Bentz et al. 2016; Baskin & Laor 2018) ; this is most likely a natural consequence of the sublimation of dust grains in dense gas (n ∼ 10 10 cm −3 ), with a typical grain size of ∼ 0.01 − 0.1 µm (Yoshii et al. 2014; Baskin & Laor 2018 ).
In the upper panel of Fig. 1 , we can also identify that Mrk 590 is a clear outlier from the global BLR-dust radius relationship.
1 The Hβ radius of Mrk 590 is only slightly larger than the dust radius (by a factor of ∼ 1.4), as pointed out by Gandhi et al. (2015) and Du et al. (2015) .
In the lower panel of Fig. 1 , the BLR and dust reverberation radii as a function of rest-frame 5100Å AGN luminosity at the epoch of the reverberation lag measurement are plotted for the 15 AGNs. Although Mrk 590 is the clear outlier in the BLR-dust radius relationship (upper panel of Fig. 1 ), its dust and BLR reverberation radii follow their respective global correlations with luminosity. In (Table 1) . Mrk 590 is shown by a filled circle. Dotted lines denote R dust = R Hβ and R dust = 4R Hβ . Lower panel: the lag−luminosity plots for the dust innermost radius (open circles) and Hβ BLR radius (filled circles). The best-fit dust and Hβ BLR lag−luminosity relationship obtained by Bentz et al. (2013) and Koshida et al. (2014) , respectively, are denoted by dotted lines. R dust and R Hβ of the same object are connected by dot-dash lines. Mrk 590 is highlighted by cyan (R Hβ ) and magenta (R dust ) points.
fact, the AGN luminosity of Mrk 590 at the epoch of the dust reverberation measurement is much smaller than that of the BLR reverberation measurement. This suggests that the unexpectedly small dust innermost radius of Mrk 590, compared to the BLR radius, can be interpreted as a result of the reduced dust innermost radius, according to the significant UV-optical luminosity drop that occurred after the epoch of the BLR reverberation lag measurement. The aim of this work was to examine variations in the dust innermost radius of Mrk 590 as a function of the AGN luminosity variations in more detail. The MAGNUM project conducted long-term monitoring observations in optical and NIR wavelengths for a number of type 1 AGNs, to determine the dust reverberation lags in the AGNs. MAGNUM observations were carried out using a dedicated 2-m MAGNUM telescope and an optical-NIR simultaneous imaging camera (Kobayashi et al. 1998a,b) . In this work, we used the MAGNUM V -and K-band light curves of Mrk 590 at MJD = 52642 − 54320 (from 2003 January 3 to 2007 August 8) given in Table 4 of Koshida et al. (2014) . Fig. 2 shows the Galactic extinction uncorrected V -and K-band light curves of Mrk 590.
2 During the observations of MAGNUM, Mrk 590 showed correlated V -and K-band flux variability (see Koshida et al. 2014 , for details). As noted by Denney et al. (2014) , although the BELs had already become very weak at the epochs of the MAGNUM observations, the optical continuum variability behaviour of Mrk 590 was normal for a Seyfert 1 galaxy of this luminosity and black hole mass, suggesting that there was no significant change in the accretion disk state, even in the faint phase.
MAGNUM AGN photometry was obtained using a circular aperture with a diameter of φ = 8 ′′ .3. Sky flux was estimated from the flux within a φ = 11 ′′ .1−13 ′′ .9 annulus aperture centred on the AGN (Sakata et al. 2010; Koshida et al. 2014 ). In the case of Mrk 590, the sky annulus corresponds to galactocentric distances of 5.5−6.9 kpc; thus, the sky flux is over-subtracted, due to the flux contribution from the host galaxy stellar disk component. The Galactic extinction uncorrected host galaxy flux estimates given in Koshida et al. (2014) , f V,host = 4.24 ± 0.06 and f K,host = 22.18 ± 0.13 mJy (originally derived by Sakata et al. 2010) , are evaluated from point spread function (PSF)-subtracted coadd MAGNUM images using the same circular aperture and sky annulus aperture. As described in Section A1, we re-evaluated the Vband host galaxy flux contribution to the MAGNUM aperture from a high spatial resolution HST/ACS F550M image as f V,host = 4.396 mJy, on the assumption of a colour correction based on the bulge template spectrum presented in the study by Kinney et al. (1996) .
The weighted averages of the MAGNUM V -and Kband light curves of Mrk 590 are fν(V ) = 4.669 ± 0.002 mJy and fν (K) = 24.188 ± 0.019 mJy, respectively (the Galactic extinction is uncorrected). By subtracting the host galaxy flux contributions of f V,host = 4.396 mJy and f K,host = 22.18±0.13 mJy, the average AGN V -band continuum flux is fν (V, AGN) = 0.27 mJy and fν (K, AGN) = 2.01±0.13 mJy, respectively.
Optical continuum light curves during the Hβ
BLR reverberation mapping observations from 1990−1996
The Hβ BLR reverberation mapping observations for Mrk 590 were carried out by Peterson et al. (1998 Peterson et al. ( ) in 1990 Peterson et al. ( −1996 . The spectroscopic continuum light curves at λrest = 5, 100Å (λ obs = 5, 240 − 5, 260Å) presented in Peterson et al. (1998) were obtained with a 5 ′′ -width slit and extracted through a 7 ′′ .6 aperture (see website 3 ). Fig. 2 shows the starlight-uncorrected spectroscopic continuum light curve at λrest = 5, 100Å (λ obs = 5, 240 − 5, 260Å) during the Hβ BLR reverberation mapping observations. The flux variability amplitude was larger during the Hβ RM observations of Peterson et al. (1998) in the 1990s, compared to that during the MAGNUM dust RM observations in the 2000s. Bentz et al. (2013) estimated the host galaxy flux contribution to the spectroscopic aperture of Peterson et al. (1998) Table 1 ).
SDSS Stripe 82 multi-epoch optical photometry in 1998−2007
Mrk 590 is located inside of the SDSS Stripe 82 region, which was continuously observed with the SDSS telescope in u-, g-, r-, i-, and z-band filters over the course of the SDSS-I/-II Stripe 82 programs from 1998 to 2007 (Fukugita et al. 1996; Gunn et al. 1998; York et al. 2000; Bramich et al. 2008; Frieman et al. 2008; Sako et al. 2018) 4 . In general, the SDSS Stripe 82 images obtained after September 2005 were not taken under non-photometric conditions, with less optimal seeing, moon-phase, and photometric conditions compared to the main SDSS Legacy Survey data obtained prior to September 2005 (see Annis et al. 2014 , , for details regarding the photometric calibration for the Stripe 82 images).
To manage and improve photometry under less optimal conditions, we used the g-and r-band SDSS Stripe 82 images and applied aperture photometry to them instead of using the processed photometric data in the catalogue. The SDSS corrected frame images (fpC), including the sky region of Mrk 590 and associated field information tables (tsField), were downloaded from the SDSS Data Release (DR) 7 Data Archive Server. Each of the fpC images has an image size of 1, 489 × 2, 048 pixels, with a pixel scale of 1 9 8 9 / 1 / 1 1 9 9 1 / 1 / 1 1 9 9 3 / 1 / 1 1 9 9 5 / 1 / 1 1 9 9 7 / 1 / 1 1 9 9 9 / 1 / 1 2 0 0 1 / 1 / 1 2 0 0 3 / 1 / 1 2 0 0 5 / 1 / 1 2 0 0 7 / 1 / 1 2 0 0 9 / 1 / 1 
0
′′ .396 pixel −1 . Mrk 590 was imaged in 79 drift scan runs 5 . We visually checked the images and excluded images obtained as runs 5,776, 5,871, and 6,349 from the analysis below, due to significant residual background patterns. Also, the images taken under seeing full width half maximums (FWHMs) of > 2 arcsec (judged using psf_width recorded in tsField) were excluded from the analysis.
First, global sky background subtraction and φ8 ′′ .3 aperture photometry for field stars were performed using SExtractor (Bertin & Arnouts 1996) . Here we adopted the aperture diameter size of φ8 ′′ .3 to match the standard MAG-NUM photometry (Section 2.2). The MAGNUM photometry used φ11
′′ .1 − 13 ′′ .9 annulus aperture to estimate the sky flux to be subtracted, whereas our Sextractor analysis of the SDSS images estimated global sky background using 128 × 128 pixels background meshes. The background sigma map was calculated by the SExtractor, and object Poisson noise contribution was calculated using charge-coupled device (CCD) gain values of 3.855 and 4.600 for the g-and r-bands, respectively. The zero-point magnitude of each image was determined by comparing the measured instrumental aperture magnitudes and the SDSS PSF magnitudes of field objects catalogued in the SDSS DR7 Catalog Archive Server. Then, aperture fluxes of Mrk 590 and their statistical errors were measured using Photutils (Bradley et al. 2017 ) adopting a φ8 ′′ .3 circular aperture centred on the sky coordinate of the nucleus of Mrk 590.
The SDSS Stripe82 observations after 2001 generally obtained multiple photometry within each year, during which the AGN variability of Mrk 590 was small (see below). A few outlying photometry data points were identified and removed from the light curves by applying 3σ clipping for photometry data obtained within a year (only for the years with over three data points), where σ is defined as the median absolute deviation of the data points. After rejection of the outliers, photometry data points obtained within a year were binned by taking a weighted mean, and the median absolute deviation of the data points were assigned as the photometric error for the binned data. (Denney et al. 2014 ). Moreover, the broad hydrogen Balmer, Paschen, and Bracket emission lines were clearly detected in the optical and NIR spectra obtained by Landt et al. (2008 Landt et al. ( , 2011 Landt et al. ( ) during 2006 Landt et al. ( − 2007 This indicates that the significant luminosity drop in 2000 − 2001 did not result directly in the changing-look of Mrk 590; instead, the gradual luminosity decrease in the 2010s had led Mrk 590 to an extremely faint state and, thus, to the type 2-like optical spectral state revealed by optical spectroscopy data obtained in 2013 (Denney et al. 2014) .
In the binned light curves shown in Fig. 2 , the lowest observed fluxes during the SDSS observations are 3.428±0.032 and 7.590 ± 0.034 mJy in the g and r bands, respectively. Here, the quoted uncertainties are the standard deviations of the observed data points within each year; thus, they include the host galaxy flux uncertainties due to the variable seeing effects on aperture photometry. The host galaxy flux contributions to the φ8 ′′ .3 aperture must be less than these observed fluxes, and they are consistent with the estimates of 3.373 and 7.538 mJy at the g and r bands, respectively, from the GALFIT modelling as described in Section A2. The AGN fluxes at this epoch are therefore estimated as 0.055±0.032 and 0.054±0.034 mJy at the g and r bands, respectively, indicating that the AGN flux contributions were nearly zero at this epoch. These small residual AGN fluxes suggest that the host galaxy GALFIT modelling uncertainties must be smaller than the above quoted uncertainties. In this work we simply ignored the flux uncertainties due to the host galaxy GALFIT modelling uncertainty.
When the host galaxy flux contributions were subtracted from the g-and r-band light curves, the AGN optical emission of Mrk 590 decreased by a factor of 10 during the SDSS observations (see Section 3.2 for further details).
2MASS and DENIS near-infrared photometry in 1998
The Two Micron All-Sky Survey (2MASS; Cohen et al. 2003; Skrutskie et al. 2006) 2), using a three-band camera mounted on the 1-m European Southern Observatory (ESO) telescope at La Silla (Chile). We retrieved J-, H-, and Ks-band Atlas images (512 × 1, 024 pixels, 1 ′′ pixel −1 ) at the position including Mrk 590 from 2MASS All-Sky Release Data Products at the NASA/IPAC (Caltech, CA, USA) Infrared Science Archive 6 and performed aperture photometry on the Atlas images using SExtractor (Bertin & Arnouts 1996) and Photutils (Bradley et al. 2017) . The same aperture size and sky annulus with MAGNUM photometry, i.e. φ8
′′ .3 diameter aperture and φ11 ′′ .1 − 13 ′′ .9 sky annulus aperture (Section 2.2), were used. The zero-point magnitude of each image was evaluated by comparing the instrumental aperture magnitudes with the magnitudes of field stars catalogued in the 2MASS All-Sky Point Source Catalog (PSC), and then the magnitudes were converted to flux units using the zero-magnitude fluxes taken from Table 2 of Cohen et al. (2003) . Following the standard analysis procedures described in 2MASS web pages 7 , additional noise due to coaddition, pixel resampling, and background fit was taken into account. The 2MASS aperture fluxes of Mrk 590 at the J-, H-, and Ksbands were measured to be 22.31 ± 0.21, 32.16 ± 0.33, and 42.62 ± 0.48 mJy, respectively (Galactic extinction was not corrected).
In the same manner as for the 2MASS data analysis, we retrieved i-, J-, and Ks-band DENIS images at the position including Mrk 590 from the DENIS public server 8 , and aperture photometry was performed using SExtractor and Photutils. The zero-point magnitude of each image was eval-uated by comparing the instrumental aperture magnitudes with field stars' PSF magnitudes catalogued in the Third DENIS data release catalog (DENIS Consortium 2005); the magnitudes were then converted to flux units using the zeromagnitude fluxes taken from Table 4 of Fouqué et al. (2000) . The DENIS aperture fluxes of Mrk 590 at the i-, J-, and Ksbands were 12.11 ± 0.12, 22.31 ± 0.44, and 40.47 ± 1.44 mJy, respectively (Galactic extinction was not corrected). The DENIS Ks-band magnitude is consistent with the 2MASS Ks-band magnitude, suggesting that Mrk 590 remained bright during 1998.
Using the host galaxy flux contribution to the K-band estimated by Koshida et al. (2014) , fν (K, host) = 22.18 ± 0.13 mJy, the AGN component at the 2MASS Ks-band can be estimated as fν (Ks, AGN) = 20.44 ± 0.50 mJy. As described in Section 2.2, the AGN K-band flux at the epoch of the MAGNUM observation is fν(K, AGN) = 2.32 ± 0.13 mJy, thus the Ks-band AGN emission at the epoch of the 2MASS observation is about nine times brighter than that at the epoch of the MAGNUM observation (see Fig. 2 ). This can naturally be interpreted in terms of a hot dust thermal emission decrease according to significant changes in the disk UV-optical emission that occurred in between the two observations, as traced by SDSS Stripe 82 observations.
ANALYSIS

Dust reverberation lags from the MAGNUM
V -and K-band light curves revisited
Cross-correlation analysis
The dust reverberation lag of Mrk 590 has been measured by Koshida et al. (2014) as τ dust = 37.2 +2.7 −2.7 days (τ rest, dust = 36.2 +2.6 −2.6 days) using a part of the full MAGNUM light curves at MJD = 52, 842.6 − 53, 429.2 (see Table 7 of Koshida et al. 2014) . To obtain a tighter constraint on the epoch when the dust reverberation radius is set to such a small radius of ≃ 40 light-days (lt-days), here we re-evaluated the dust reverberation lags of Mrk 590 using the MAGNUM light curves by dividing the light curves more finely on a year-byyear basis, with MJD = 52, 055, 53, 429, and 53, 766. To infer the dust reverberation lags, the crosscorrelation function (CCF) between MAGNUM V -band and K-band light curves at each epoch was evaluated using an interpolation method, in which the unevenly sampled light curves were linearly interpolated to calculate the correlation coefficients at arbitrary lags (Gaskell & Sparke 1986; Welsh 1999) . We used PYCCF V2 (Python Cross Correlation Function for reverberation mapping studies; Sun et al. 2018) for the cross-correlation analyses. The forward CCF was calculated by interpolating the K-band light curve to the V -band light curve sampling, and the backward CCF was obtained by interpolating the V -band light curve to the K-band light curve sampling. The final CCF was calculated as the average of the two CCFs. CCFs were obtained at 0.1-day intervals within the range of −100 ≤ τ dust, obs (days) ≤ +100, where τ dust, obs denotes the observed-frame lag. An estimate of the reverberation lag was evaluated as the centroid of the CCF. The CCF centroid calculation was performed only for CCF points within 80% of the peak value of the CCF (0.8 × CCFmax). The uncertainties in the CCFs and their centroids were estimated using the flux randomisation and random subsample selection method (FR/RSS) of Welsh (1999) . Up to 30, 000 Monte Carlo FR/RSS realisations for the V -and K-band light curve produced a cross-correlation centroid distribution (CCCD) of the dust reverberation lag, whose width was used as an estimate of the measurement uncertainty of the dust reverberation lag. Table 2 . On the other hand, the CCF at MJD = 53, 511 − 53, 766 does not show any statistically significant correlation; notably, we were unable to obtain the dust reverberation lag at this epoch.
As for the variable component, the V -band light curve of Mrk 590 is dominated by disk continuum emission, and the K-band light curve is dominated by hot dust emission from the dust torus. However, the K-band light flux may be associated with the long wavelength tail of the disk continuum emission (Minezaki et al. 2006; Tomita et al. 2006; Kishimoto et al. 2008; Koshida et al. 2014; Mandal et al. 2018) . Although the minor contribution of the disk continuum emission in the K band is ignored in the CCF analysis here, the obtained dust lags are consistent with τ rest, dust = 36.2 +2.6 −2.6 day reported by Koshida et al. (2014) , in which the disk continuum emission was subtracted by extrapolating the V -band light curve assuming a power-law continuum of αν = 0. The above analysis suggests that the dust innermost radius had already become as small as ≃ 40 lt-days at the first epoch of the MAGNUM observation at MJD = 52, 843 − 53, 055, which is ∼ 1,000 days after the significant decrease in the AGN luminosity of Mrk 590.
JAVELIN analysis
We cross-checked the results from the CCF analysis obtained above using another different lag estimation method. Here we also considered the effects of the disk emission contribution to the K-band light curve on the lag estimation.
We used JAVELIN (Zu et al. 2011 (Zu et al. , 2016 as a tool to derive the dust reverberation lags. JAVELIN assumes a damped random walk (DRW) as a model for the AGN UV-optical continuum light curves, in which the DRW time series is defined by an exponential covariance function in the form of σ 2 exp(−∆t/τ ), where σ is the asymptotic variability amplitude of the time series and ∆t is the time separating the two observations. Then, a top-hat function is assumed as a transfer function Ψ(t), and the responding light curve l(t) is modelled using a driving light curve c(t) as Zu et al. 2011 Zu et al. , 2016 . JAVELIN internally employs a linear detrending procedure (Zu et al. 2011; Fausnaugh et al. 2016) ; thus, the parameter estimations with JAVELIN are insensitive to non-variable flux contributions from the host galaxy emission to the light curves.
The two-band photometric reverberation mapping function of JAVELIN can deal with a fractional contribution of the driving light curve to the responding light curve by introducing a parameter α defined as the ratio of the fluxes of the driving emission between the two bands (Zu et al. 2016) . We utilised this function to examine the influence of the variable disk continuum emission in the K-band light curve on the lag analysis, as follows.
We took the MAGNUM V -band light curve as the driving disk light curve and the MAGNUM K-band light curve as the responding dust emission light curve, and we included the disk emission contribution to the K-band light in the JAVELIN modelling by fixing the parameter α. When the variable disk emission spectrum is modelled as a power-law in the form of fν ∝ ν αν , the ratio parameter α can be expressed as follows [Eq. (2) of Koshida et al. (2014) ]:
where the effective wavelengths of the MAGNUM V -band and the K-band are λV = c/νV = 0.55 µm and λK = c/νK = 2.2 µm, respectively (Yoshii et al. 2014) . It is uncertain whether the disk emission at the K-band can be estimated from the extrapolation of the optical power-law continuum, considering the possibility that the disk outer radius may be truncated due to the dominance of the disk's self-gravity (e.g., Goodman 2003; Kishimoto et al. 2008 , and references therein). We modelled the variable disk contribution to the K-band light curve by adopting the power-law indices between the V -and K-bands as αν = ∞, 0, and 1/3 (α = 0, 1, and 0.63, respectively; these values correspond to the assumptions of a disk truncation at the K-band (i.e. no disk contribution), a flatter disk spectrum than the thin disk model, and the thin disk model, respectively. Currently, the two-band photometric reverberation mapping function of JAVELIN is the only way to deal with the disk flux contribution to the responding light curve self-consistently; however, as shown below, the disk flux contribution has only a minor effect on the lag estimate in the case of K-band dust reverberation mapping (see also Koshida et al. 2014) .
Following the standard JAVELIN analysis procedure (Zu et al. 2016) , first the DRW parameter ranges were constrained by analysing the full MAGNUM V -band light curves. Then, the V -and K-band light curves at MJD = 52, 843−53, 055 and at MJD = 53, 199−53, 429, corresponding to significant cross-correlation signals (Fig. 3) , were analysed separately by the two-band photometric reverberation mapping function of JAVELIN with the constrained DRW parameter ranges. We adopted an upper limit of the lag and the width of the transfer function of 50 days, and imposed a minimum kernel width of 1 day to avoid solutions of the δ transfer function (e.g., Fausnaugh et al. 2016; Mudd et al. 2018 ). Table 2 . The dust lag distributions derived by adopting different disk contribution models (αν = ∞, 0, and 1/3) are mostly consistent with each other, indicating that the disk contribution model has a negligible effect on the dust lag estimation (see also Koshida et al. 2014) . The analysed MAGNUM light curves, the best-fit DRW model light curves, and the 1σ uncertainties in the case of the αν = 1/3 model are also shown in the same figure. The clearest lag signal of 32 − 34 days can be seen in the V -and K-band light curves at MJD ∼ 52,950 in the top right panel of Fig. 4 , which is ∼ 1,000 days after the significant luminosity drop in Mrk 590.
The JAVELIN results of the dust reverberation lag es- timation are consistent with the CCF result, although the uncertainties associated with the estimated lags are larger in the case of the cross-correlation analysis compared to the JAVELIN analysis. The smaller estimation uncertainties in the JAVELIN analysis are probably due to the fact that JAVELIN assumes a specific time series model, i.e. the DRW model (e.g., Fausnaugh et al. 2016 ).
Expected dust innermost radius from the AGN rest-frame V -band continuum luminosity
The empirical dust radius−luminosity relation for AGNs determined from the MAGNUM observations is derived against the V -band (5,500Å) AGN luminosity (Suganuma et al. 2006; Koshida et al. 2014) ; the dust radius R dust in parsecs can be expressed as a function of the rest-frame V -band AGN luminosity LV , on the assumption of the accretion disk power-law index of αν = 0, as follows (Table 9 of Koshida et al. 2014) :
where σ add is the intrinsic scatter in log R dust . To infer the putative variations of the dust innermost radius along with the long-term optical variability of Mrk 590, we converted the SDSS light curves to the V-band AGN light curve as follows. First, the g-and r-band AGN light curves were derived by subtracting the host galaxy flux contribution given in Section A2 (3.373 and 7.538 mJy) from the SDSS g-and r-band φ8 ′′ .3 aperture flux light curves, respectively. The V -band [5,500Å (1+z)] AGN light curve was then estimated by linearly interpolating between the g-band (4,686Å) and r-band (6,165Å) AGN light curves. After the Galactic extinction correction (AV = 0.101 mag), the Vband AGN light curve was converted to V -band luminosity using the luminosity distance of dL = 107 Mpc (Section 2).
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As already described in Section 2.3, the spectroscopic 5,100Å (1 + z) light curve from the Hβ BLR reverberation mapping campaign by Peterson et al. (1998) was also converted to the AGN V -band [5,500Å (1 + z)] light curve by subtracting the host galaxy flux contribution and then applying a K-correction on the assumption of αν = 0 for the AGN optical continuum. The host galaxy flux uncertainty described in Section 2.3 is included. The long-term AGN V -band light curve of Mrk 590 from the combination of SDSS data and Hβ reverberation mapping monitoring data is shown in Fig. 5 . The MAGNUM V -band AGN light curve (Section 2.2, assuming f V,host = 4.396 mJy) is also shown for comparison. The V -band light curve estimated from the SDSS data agrees well with the MAGNUM light curve in the overlapping part. For reference, the right vertical axis of Fig. 5 shows the Eddington ratio calculated from the AGN V -band luminosity assuming αν = 0, a bolometric correction of L bol = 9.26 × L5100 (Richards et al. 2006) , and a black hole mass of MBH = 3.71 × 10 7 M⊙. We can see that the AGN luminosity drop from the 1990s to the 2000s corresponds to changes in the Eddington ratio from ∼ 0.05 to ∼ 0.001, consistent with the Eddington ratio variations from 0.061 (in 1984) to 0.006 (in 2015) estimated from the Xray luminosity (Table 5 of If we generalise Eq. (2) as a time-dependent relationship, there will be a time delay between the variations in AGN luminosity and the dust innermost radius (e.g., Koshida et al. 2009; Pott et al. 2010; Kishimoto et al. 2013; Schnülle 2017) . Kishimoto et al. (2013) modelled the variations of the dust innermost radius of NGC 4151 determined from multi-epoch IR interferometric observations by assuming that the radius at a given epoch t is set by the average AGN flux ("retro flux") over the past tretro years, from t − tretro to t, which we denote as < LV > t t−t retro . Using tretro, the dust radius luminosity relation can be rewritten as log R dust (t) = −0.89 + 0.5 log < LV > t t−t retro 10 44 erg s −1 .
9 If we adopt the galaxy peculiar velocity uncertainty of 500 km s −1 , as assumed by Bentz et al. (2013) , the uncertainty of the luminosity distance of Mrk 590 is 7 Mpc. This introduces 0.03 dex uncertainty on log R dust that is negligible compared with the intrinsic scatter of 0.14 dex in the dust radius−luminosity relationship [Eq. (2)]. In this work, we ignored the uncertainty in the luminosity distance of Mrk 590. Moreover, the 0.14 dex intrinsic scatter in Eq. (2) already includes the effects of the peculiar velocity uncertainties on the dust radius−luminosity relationship for 17 Seyfert galaxies. The dust lag estimates of both methods, CCF/CCCD and JAVELIN (αν = 1/3), are shown with slight horizontal offset for clarity. The error bars associated with the dust lag measurements are 16 − 84% percentiles, and the horizontal bars indicate the MJD range of the analysed light curves. The vertical bar at the left corner shows the intrinsic scatter of σ add = 0.14 dex of the empirical dust radius−luminosity relation. The R Hβ BLR taken from Table 1 , and the expected dust radii at the epochs of R Hβ BLR measurements, R dust = 4 × R Hβ BLR , are also shown.
In Fig. 6 , the dust reverberation measurements of the dust radius (R dust = c × τ rest, dust ; Section 3.1) as a function of time are compared with the expected dust radius from the AGN V -band continuum light curve based on Eq. (3) for various tretro. The luminosity uncertainty was not included in this model calculation, because it is much smaller than the intrinsic scatter of 0.14 dex in the dust radius−luminosity relationship [Eq. (2)]. The larger values of tretro make the expected dust innermost radius larger at the epoch of the first detection of the dust reverberation lag, due to the delayed response of the dust radius to the significant luminosity drop at MJD ≃ 52,000. From Fig. 6 , we can conclude that the observed small dust reverberation radius requires a short delay time scale of tretro 4 yr.
Also, the instantaneous response model (tresto = 0 yr in Fig. 6 ) may be rejected, as the measured dust radius at MJD = 52, 843 − 53, 055 was not as small as the expected dust radius predicted by this model. The model parameter range of tretro, which can best describe the observed dust radius, is 2 yr tretro 4 yr. Koshida et al. (2009) monitored the change in dust reverberation lag in NGC 4151 and claimed that the time scale of the replenishment of the dust distribution inside the innermost dust torus after the fade of UV-optical luminosity was as long as about 1 year, while Kishimoto et al. (2013) claimed that the variations in the dust innermost radius of NGC 4151 traced by the historic dust reverberation and IR interferometric measurements can be explained by adopting tretro ∼ 6 yr. These results agree with our result that the dust distribution will not be replenished in the central region of AGNs immediately after the fade of the UV-optical luminosity. However, the constraint of 2 yr tretro 4yr obtained for Mrk 590 is larger than the time scale obtained by Koshida et al. (2009) , but smaller than that obtained by Kishimoto et al. (2013) for NGC 4151. This discrepancy may be attributed to the uncertainty in the estimates of Koshida et al. (2009) and Kishimoto et al. (2013) , owing to the limited dynamic range of the variations in luminosity and the inner radius of the dust torus observed in NGC 4151; the ratio of the highest to lowest fluxes of NGC 4151 is ∼ 4. Thus, only a two-fold larger dust innermost radius is predicted during the observed period, which is often buried under measurement errors of reverberation lag and interferometric measurements (see also Schnülle et al. 2015; Schnülle 2017 ). Because we captured a sudden drop in the AGN flux just before the dust reverberation measurements for Mrk 590, whose flux variation amplitude reaches approximately an order of magnitude, our constraints on tretro for Mrk 590 are considered to be more stringent than those for NGC 4151 in previous studies.
DISCUSSION
Reformation time scale of the innermost dust distribution
The dust grain temperature in the AGN dust tori is determined by the radiative equilibrium between the thermal emission of the dust grains and energy input from the illumination of the AGN accretion disk emission (e.g., Barvainis 1987) . The standard picture of the AGN dust torus is that the dust innermost radius corresponds to the dust sublimation radius defined by the dust grain temperature of ∼ 1, 800 K (e.g., Suganuma et al. 2006; Koshida et al. 2014; Yoshii et al. 2014) . Therefore, it is naturally expected that the dust innermost radius in each individual AGN varies as a function of time according to the changes in AGN luminosity states, given as R dust ∝ L 0.5 AGN . However, currently there are only a few observational constraints on the time scales of the destruction/reformation of the innermost dust distribution in AGNs. From multiple K-band dust reverberation mapping and K-band interferometric observations for NGC 4151 (R dust ∼ 50 lt-days), it has been suggested that the destruction/reformation time scale in NGC 4151 is in the range of ∼ 1 − 6 yr; however, the interpretation of the observations is still under debate (e.g., Koshida et al. 2009; Pott et al. 2010; Hönig & Kishimoto 2011; Kishimoto et al. 2013; Oknyansky et al. 2014) .
Our re-analysis of the MAGNUM observation described in Section 3.1 showed that the dust radius had become as small as R dust (faint) ≃ 32 lt-days by the period during 52, 843 − 53, 055 (the year 2004), when the AGN was in the faint state. The V -band luminosity of Mrk 590 differs between the bright and faint phases by a factor of ∼ 7 (Section 3.2), and from the empirical dust radius−luminosity relationship of R dust ∝ L 0.5 V , the dust reverberation radius at the bright phase is expected to be R dust (bright) ≃ 7 0.5 ×32 ∼ 85 lt-days (see Fig. 6 for detailed calculations). The observed BLR reverberation radius of Mrk 590 in its bright phase was R BLR, Hβ = 25.6 +2.0 −2.3 lt-days (Table 1; Peterson et al. 1998; Bentz et al. 2009a Bentz et al. , 2013 ; thus, the ratio of the dust radius to the BLR radius is R dust (bright)/R BLR, Hβ ≃ 3.3, which is consistent with the global R BLR, Hβ − R dust relationship observed in other Seyfert galaxies, as shown in Fig. 1 , within the intrinsic scatter of the relationship. This consistency strongly suggests that the dust distribution between R dust (faint) and R dust (bright) had been replenished according to the AGN luminosity variations.
Additional supporting evidence for the receded torus innermost radius in Mrk 590 is the observed decrease in the K-band AGN flux. As shown in Section 2.5, the ratio of the K-band AGN fluxes between the bright and faint phases is 2.32 mJy/20.44 mJy. If we assume that the K-band emission is from the black body surface at the torus inner wall with a fixed torus opening angle, the K-band luminosity LK is proportional to the area of the inner wall (LK ∝ 4πR 2 dust ); thus, the ratio of R dust between the bright and faint phase is R dust (faint)/R dust (bright) = (2.32 mJy/20.44 mJy) 0.5 ∼ 0.3. This is in accordance with the reduction in the torus's innermost radius predicted from the optical luminosity light curve, as shown in Fig. 6 . SDSS Stripe 82 data revealed that the sudden decrease in the AGN luminosity of Mrk 590 occurred during the period from MJD=51, 819 − 52, 288 (in 2000-2001) (Section 2.4; Fig. 5 ). As mentioned above, the replenishment of the dust distribution between R dust (faint) and R dust (bright) took place during the period from MJD ≃ 52, 000 (large luminosity drop) to MJD ≃ 53, 000 (dust lag measurement), i.e. it took only 1,000 days (Section 3.1). Comparisons between the measured dust radius and the time-dependent radius−luminosity relation models given by Eq. (3) provide a rough constraint on tretro as tretro < 4 yr (Fig. 6 ). From the considerations described above, the difference in sublimation radii between the bright and faint states is expected to be
If we assume that this adjustment is achieved by radial inflows of the dust clouds located outside of the former dust sublimation radius, Eq. (5) requires an unphysically high radial infall velocity of
suggesting that the radial inflow scenario is unlikely (see e.g., Stern et al. 2018; Ross et al. 2018) . Instead, the replenishment may be achieved by rapid condensation of new dust grains after the hypothetical dust sublimation radius (in which the radiative equilibrium temperature of test dust particles equals the dust sublimation temperature) moves inward on the light-travel time scale following the AGN luminosity drop. Koshida et al. (2009) also concluded that the rapid variations in the dust reverberation lags of NGC 4151 were due to dust formation/destruction in the innermost region of the dust torus (see also Esser et al. 2019) . Similarly, Barvainis (1992) suggested that rapid dust reformation on a time scale of months following UV-optical luminosity variations is probably required to explain the multi-band NIR light curves of Fairall 9.
Reformation mechanism of the innermost dust distribution
The dust sublimation temperatures of graphite and silicate grains are the temperatures at which the partial gas pressures of gas-phase C and Si equal the vapour pressure of graphite and silicate, respectively (e.g., Guhathakurta & Draine 1989; Phinney 1989; Baskin & Laor 2018) . Assuming Z = Z⊙ and a gas temperature of T = 10, 000 K, the sublimation temperature of the graphite grain is approximately T sub (K) = 81, 200/(66.003− ln n) ∼ 1, 800−2, 000 K, where n is the total gas density; here we assumed n ∼ 10 10 − 10 11 cm −3 for the BLR gas clouds (Baskin & Laor 2018) . The sublimation temperature of the graphite grains is higher by ∼ 300 − 500 K compared to silicate grains; additionally, larger dust grains have lower temperatures for a given UV radiation field, due to more efficient radiative cooling compared with smaller dust grains. Thus, the large graphite grains are expected to play an important role in controlling the innermost radius of AGN dust tori (Mor & Netzer 2012; Yoshii et al. 2014; van Velzen et al. 2016; Hönig & Kishimoto 2017; Baskin & Laor 2018) . The theoretically expected dust sublimation temperature of T sub ∼ 1, 800 − 2, 000 K is largely consistent with the upper limit on the dust temperature at the innermost region of the AGN dust tori observationally inferred from the colour temperature of the NIR variable continuum emission SED (Tomita et al. 2006; Yoshii et al. 2014) . It is believed that the BLR gas clouds and the dust clouds are contiguously distributed, in which the dust sublimation radius defines the outermost radius of the BLR (Laor & Draine 1993; Koshida et al. 2014; Baskin & Laor 2018) .
To replenish the innermost dust torus within a time scale of < 4 years, as observed in Mrk 590, new dust grain formation at R dust ∼ 30 lt-days is required just after the rapid decline in accretion disk luminosity. Below, we consider two possible mechanisms to realise the rapid replenishment of the innermost dust distribution: (1) new dust grain formation in the cooled BLR gas and (2) new dust grain formation in the cooled accretion disk atmosphere and its vertical inflation in the form of a failed dusty disk wind.
New dust formation in the radiatively cooled BLR gas
In Fig. 6 , the dust reverberation radius in the faint phase of Mrk 590 is coincident with the Hβ BLR reverberation radius in the bright phase. Therefore, it is natural to consider that the new dust grain formation occurs in the BLR gas after the rapid decline in the accretion disk luminosity. Once the AGN radiation input decreases and the BLR gas cools down, the BLR gas clouds can potentially be a suitable site for new dust formation given their high density (see e.g., Phinney 1989; Elvis et al. 2002; Maiolino et al. 2006) . Consider the BLR gas condition just inside the dust sublimation radius in the bright phase of Mrk 590, and the new dust formation of carbon (C) grains after the AGN luminosity drop. When the AGN accretion disk luminosity (which is proportional to the ionisation parameter) decreases, the BLR gas begins to cool rapidly from the initial gas temperature of ∼ 10, 000 K to 2, 000 K via metal line cooling over a period of 20 days, due to the high density (n ∼ 10 10 − 10 11 cm −3 ; e.g., Namekata & Umemura 2016; Ichikawa & Tazaki 2017; Sarangi et al. 2018) . The radiatively cooled BLR gas can then initiate dust grain formation, as the partial gas pressure of C becomes larger than the vapour pressure of the bulk condensate at the gas temperature of 2, 000 K, i.e. the gas shifts to a supersaturated state (e.g., Salpeter 1977; Phinney 1989; Elvis et al. 2002; Nozawa & Kozasa 2013; Baskin & Laor 2018) .
Assuming a sticking probability of unity, the dust formation time scale can be estimated approximately as
where a is the radius of a dust grain, ρ bulk = 2.26 g cm −3 is the bulk mass density of graphite and mC is the mass of a C atom. The partial gas pressure of C is PC = nC kBT , where T is the temperature of gas-phase C and nC is the number density of C atoms in the gas (Phinney 1989; Kishimoto et al. 2013; Schnülle 2017) . Here nC = 10 −3.44 n (i.e. Z = Z⊙) is assumed; the higher metallicity of Z > Z⊙ leads to more rapid dust grain formation. The newly formed dust and gas can have different temperatures because the collisional coupling between the dust grains and gas particles is very weak, and the dust grains are expected to achieve radiative equilibrium between the AGN radiation input and radiative cooling of the dust grains effectively instantaneously (see e.g., Phinney 1989; Nenkova et al. 2008; van Velzen et al. 2016; Ichikawa & Tazaki 2017) . Eq. (7) indicates that the new dust formation in the BLR gas clouds can produce large graphite grains of a 0.1 − 1 µm within a time scale of < 1 year.
A potential complication of this picture is that the BLR gas continues to be exposed to AGN radiation from the inner part of the accretion disk, and the BLR gas is probably not fully neutralised. The dust sublimation temperature in the photoionised gas is lower than that assumed above; thus, the dust grain formation is not as efficient as that calculated above (e.g., Guhathakurta & Draine 1989; Derdzinski et al. 2017; Baskin & Laor 2018) . Moreover, if we assume that the BLR gas density is determined by the incident radiation pressure compression (e.g., Stern et al. 2014; Baskin & Laor 2018) , the BLR gas density in the faint phase is lowered by the same factor as the luminosity decrease. Detailed theoretical calculations, including of changes in the BLR gas density and ionisation states of the gas-phase species, chemical reactions, and formation of seed clusters of molecules and their growth (e.g., Nozawa & Kozasa 2013; Derdzinski et al. 2017) , are required to fully understand the extent of dust grain formation in the AGN BLR gas clouds and the size distribution that should be expected for the newly formed dust, which is beyond the scope of this paper.
New dust formation in the cooled accretion disk
atmosphere and dust torus reformation by failed dusty disk wind
As assumed in the failed radiatively accelerated dusty outflow model discussed in Baskin & Laor (2018) (originally proposed by Czerny & Hryniewicz 2011; Czerny et al. 2017) , the accretion disk atmosphere, where the effective temperature is below 2,000 K, could be a relevant place for new dust grain formation. As noted above, dust grain formation occurs when the gas is neutral (e.g., Derdzinski et al. 2017; Baskin & Laor 2018) ; the accretion disk atmosphere is probably a better place for dust grain formation, compared to the BLR gas, as the equatorial plane of the disk is not directly exposed by the inner accretion disk radiation. The luminosity decrease of Mrk 590 is interpreted as an intrinsic change in the mass accretion rate of the accretion disk (Denney et al. 2014) ; thus, it is natural to consider that the accretion disk radius at the effective temperature of T eff = 2, 000 K (referred to as Rin in Baskin & Laor 2018) moved inward in the faint phase of Mrk 590. According to Eq. (7), the new dust grain formation in the disk atmosphere at R Rin (with T eff 2,000 K) occurs effectively instantaneously, as the gas density of the disk atmosphere is expected to be much denser than the typical BLR gas density of ∼ 10 10 − 10 11 cm −3 . As discussed by Baskin & Laor (2018) , the high temperature dust grains in the disk atmosphere provide a sufficiently large opacity of κ ∼ 10 cm 2 g −1 to vertically puff-up the disk height by radiation pressure from the local accretion disk IR emission (Czerny & Hryniewicz 2011; Czerny et al. 2017; Esser et al. 2019; Chelouche et al. 2019) . The vertical motion of the puffed-up region is governed by the balance between the radiation pressure and the SMBH gravity acting on the gas/dust particles, which forms a failed dusty disk wind (Czerny et al. 2017) . Then, the puffed-up region is exposed to radiation from the inner accretion disk, and eventually forms the dynamical gas/dust structures responsible for the BLR and innermost dust torus region, which are divided by the dust sublimation radius of graphite grains of a ∼ 0.1 µm determined by the irradiating accretion disk luminosity. The motion of the failed dusty disk wind at a given R (> Rin) is approximately described as oscillations between the accretion disk surface and a peak height with the local Keplerian period, ΩK = GMBH/R 3 (Czerny et al. 2017) .
In the case of Mrk 590, the dusty disk wind launched from the accretion disk surface at R dust , which is determined by the MAGNUM observations as R dust ∼ 30 lt-days 10 , reaches the peak height on a time scale of
This time scale gives an upper limit on the dust replenishment time scale after the luminosity decline, and is consistent with the observed time scale tretro (2 yr tretro 4 yr; Section 3.2), implying that the failed dusty disk wind launched from the cooled accretion disk atmosphere in the faint phase of Mrk 590 can explain the replenishment of the innermost dust distribution within a few years after the luminosity decline in 2002−2003.
Possible destruction/outflow of the newly formed dust after AGN rebrightening
It is possible that Mrk 590 may experience rebrightening of the AGN luminosity sometime in the future. Actually, Chandra X-ray and Hubble Space Telescope 10 On the assumption of the standard disk model of Shakura & Sunyaev (1973) , the disk temperature at R dust = 30 lt-days is
[Eq. (6) of Baskin & Laor (2018) ], which is well below the dust sublimation temperature.
(HST) UV observations from 2014 (Mathur et al. 2018) and the Very Large Telescope/MUSE observations in 2017 (Raimundo et al. 2019) hint at a reawakening of AGN activity in Mrk 590. If so, the dust grains that formed in the innermost region during the faint state will sublimate rapidly due to the enhanced vapour pressure of the dust grains heated by the re-brightened AGN luminosity (see e.g., Waxman & Draine 2000; Hönig & Kishimoto 2011; Kishimoto et al. 2013; Jiang et al. 2017; Baskin & Laor 2018) . The time scale of the dust destruction due to increased AGN luminosity may be shorter than, or of the same order as, the time scale of the dust formation (van Velzen et al. 2016; Schnülle 2017; Baskin & Laor 2018) . Therefore, when a sudden faint-to-bright luminosity transition occurs in Mrk 590, we will observe an increase in the dust reverberation radius on a time scale less of than tretro, as determined for Mrk 590 in this work [Eq. (7)]. It is interesting to note that metal-rich gas released from the evaporated dust may produce transient metal emission lines at UV-optical wavelengths (e.g., Jiang et al. 2017 ).
After AGN re-brightening, a portion of the dust grains that formed during the faint state will be ejected from the dust torus as a radiatively-driven dusty outflow (Namekata & Umemura 2016; Hönig & Kishimoto 2017; Williamson et al. 2018; Tazaki & Ichikawa 2019) . The dusty outflow launched from the inner part of the dust torus is suggested to be responsible for the parsec-scale mid-infrared (MIR; 8 − 13 µm) dust emission originating from the polar dusty region recently discovered in local AGNs (including Mrk 590) by IR high-resolution imaging observations (e.g., Hönig et al. 2013; López-Gonzaga et al. 2016; Asmus et al. 2016) . The rapid AGN re-brightening, accompanied by the larger UV-optical emission radius of the accretion disk, can temporarily increase the radiation pressure on the inner dust torus along the vertical direction to the disk plane, which enables launch of the dusty outflow towards the polar region. Therefore, the AGN fading-brightening cycle, as observed in Mrk 590, may provide a channel to produce the additional polar dust structure around the AGN and the corresponding MIR dust emission component.
Future dust reverberation mapping and UV-optical spectroscopic observations over the faint-to-bright luminosity transition will not only enable tracing of the rapid increase in the dust innermost radius in Mrk 590 but should also reveal the potentially emergent new dust emission component in the MIR wavelength range.
CONCLUSIONS
To test the hypothesis that the unexpectedly small dust reverberation radius in Mrk 590 (Fig. 1) is due to the large luminosity decrease that occurred before the dust reverber The combination of SDSS and MAGNUM data indicates that V -and K-band observations by the MAGNUM project were carried out in the faint phase of Mrk 590. We reanalysed the dust reverberation lag of Mrk 590 by dividing the MAGNUM light curves into two parts (MJD = 52, 055 and MJD = 53, 321) , and showed that the R dust had already become small (≃ 32 lt-days) by the year 2004 according to the significant AGN luminosity drop during 2000 and 2001. These observations suggest that the innermost dust distribution in Mrk 590 had been rapidly replenished on a time scale of < 4 years. This time scale is too short for the radial inflow of the dust clouds to replenish the innermost dust distribution between the dust sublimation radii expected at the bright and faint luminosity states of Mrk 590 [Eq. (5)]. Instead, we propose that the dust replenishment in Mrk 590 had been achieved either by (1) new dust formation in the radiatively-cooled BLR gas clouds or (2) the dusty disk wind of the newly formed dust in the cooled accretion disk atmosphere (based on the failed radiatively accelerated dusty outflow model; Czerny & Hryniewicz 2011; Czerny et al. 2017; Baskin & Laor 2018) .
If the AGN of Mrk 590 rebrightens, the newly formed dust will be rapidly destroyed, and the dust innermost radius will be set to the dust sublimation radius determined by the re-brightened AGN luminosity. It may also be possible that a part of the dust is radiatively accelerated and ejected from the dust torus to form the dusty outflow, which may produce an additional MIR dust emission component. Future multi-wavelength monitoring observations for Mrk 590 will allow continuous dust destruction/formation phenomena at the innermost region of the dust torus to be traced. Figure A1 . Left: HST/ACS HRC F550M image of Mrk 590. North is up and east is left. Right: GALFIT best-fit model-subtracted image. White rectangular region indicates the 7 ′′ .6 × 5 ′′ spectroscopic aperture of Peterson et al. (1998) and the black circle indicates the MAGNUM φ8 ′′ .3 aperture. The blue annulus is the φ11 ′′ .1 − 13 ′′ .9 sky annulus aperture adopted by the MAGNUM photometry. In the "Sérsic fixed" model, the Sérsic indices n given in square brackets are fixed to the values given in Bentz et al. (2009a) . The zero ST magnitude is defined as m stmag,0 = −2.5 log(Photflam) − 21.10 = 24.488 mag. The pixel scale is 0 ′′ .025 pixel −1 , and the angular scale of 0.495 kpc arcsec −1 is assumed.
nal distortion-corrected drizzle-combined image using AstroDrizzle 11 adopting default settings, with the exception of sky subtraction. A noise image for the drizzle-combined image was created using AstroDrizzle again but adopting final_wht_type = ERR. Moreover, a model PSF image at the position of the AGN was created using a web interface of TinyTim (Krist et al. 2011) .
The image decomposition for the HST/ACS HRC F550M image of Mrk 590 was performed using GALFIT. Following the analysis of Bentz et al. (2009a) , a PSF (AGN), three Sérsic components (host galaxy) and a sky background were employed as model components to be fitted. Because the HST/ACS HRC has a limited field-of-view of 29 ′′ .1 × 25 ′′ .4 (Fig. A1) , the sky background estimation is probably affected by the unmodeled extended host galaxy component (Bentz et al. 2009a , and see Section A2). The GALFIT fitting was performed adopting fixed values of Sérsic indices of n =1.22, 0.59, and 1.00 for the inner bulge, bulge, and disk components, respectively, as derived by 11 https://drizzlepac.readthedocs.io/en/deployment/index.html Bentz et al. (2009a) . The best-fitting parameters are listed in Table A1 ("Sérsic fixed" model). From this fitting, we recovered best-fitting parameters that were consistent with those derived by Bentz et al. (2009a) .
By subtracting the best-fitting PSF component and sky background component from the input image, we derived the φ8 =419.6 count s −1 . Using Photflam= 5.817 × 10 −19 erg s −1 cm −2Å−1 count −1 , it can be con-cal continuum power-law index as αν = 0, this AGN flux can be converted into monochromatic AGN luminosity at λrest = 5, 100Å as LV (AGN) = 0.18 × 10 43 erg s −1 , being consistent with SDSS or MAGNUM photometry (Fig. 5) . As a consistency check, the 5 ′′ .0×7 ′′ .6 rectangular spectroscopic aperture flux is measured for our best-fitting sky-subtracted, PSF-subtracted GALFIT model to be f λ,F550M = 4.676 × 10 −15 erg s −1 cm −2Å−1 , which is consistent with the value derived by Bentz et al. (2013) .
The above estimate of the φ8 ′′ .3 circular aperture Vband flux is not directly comparable to the host galaxy flux contribution estimated by Koshida et al. (2014) (fν,V = 4.24 ± 0.06 mJy). This is because in the latter case, the host galaxy flux through the φ11 ′′ .1 − 13 ′′ .9 annulus aperture (normalised to the area of the φ8 ′′ .3 circular aperture) is further subtracted to match the standard MAG-NUM photometry, where the sky reference aperture of the φ11 ′′ .1 − 13 ′′ .9 ring was used ( Fig. A1 ; see Suganuma et al. 2006; Sakata et al. 2010; Koshida et al. 2014) . To check the consistency between the HST/ACS GALFIT modelling result and that of Koshida et al. (2014) , first we measured the φ11 ′′ .1 − 13 ′′ .9 annulus aperture flux (corrected for the area difference between the φ11 ′′ .1−13 ′′ .9 annulus (54.98 arcsec 2 ) and φ8
′′ .3 circular aperture (54.11 arcsec 2 ) of the HST/ACS HRC image as f ν,F550M,annulus = 0.905 mJy. Thus, the host galaxy flux contribution to the standard MAGNUM aperture is fν,F550M = (5.569 − 0.905) mJy = 4.664 mJy. Using the bulge template spectrum of Kinney et al. (1996) (redshifted by z = 0.02639) and the Galactic extinction coefficient of Schlafly & Finkbeiner (2011) to calculate the colour correction term (fν,V /fν,F550M = 0.9425), we obtained fν,V = 4.396 mJy. This estimate is consistent with that given in Koshida et al. (2014) .
A2 GALFIT modelling for the SDSS Stripe 82 gand r-band coadd images
We performed GALFIT modelling for the SDSS Stripe82 coadded g-and r-band images of Mrk 590 (Annis et al. 2014) . The coadd images are sky-subtracted and have a uniform flux scale, such that 1 count corresponds to 30 ABmag. The coadd image of Mrk 590 of each filter was constructed from 32 frames obtained prior to September 2005 during the SDSS Legacy Survey, and the effective gain of the coadd images are evaluated as 25.8 and 24.4 for the g and r bands, respectively. The PSF FWHM values listed in the tsField file are 1 ′′ .48 and 1 ′′ .32 for the g and r bands, respectively. We also extracted a model PSF for each coadd image, calculated by Annis et al. (2014) from the psField file using the readAtlasImages-v5_4_11 program distributed on the SDSS website (e.g., Meert et al. 2015) 13 . The GALFIT modelling was applied for 3 ′ .3 × 3 ′ .3 cutout images centred on Mrk 590 (Fig. A2) . Because the inner bulge and bulge components have small effective radii comparable to the PSF size and are only partially resolved, we fixed the effective radii, Sérsic indices, and axis ratios for the two components to the values constrained from the verted to f ν,F550M (AGN) = 0.253 mJy, being consistent with our estimate. 13 http://classic.sdss.org/dr7/products/images/read psf.html HST/ACS image decomposition (the "Sérsic fixed" model in Table A1 ). In addition to the inner bulge, bulge, and disk components required to fit the HST/ACS image, we determined that the GALFIT modelling for the SDSS images requires an additional extended host galaxy component (outer disk component) with an effective radius of Re ∼ 20 ′′ ∼ 10 kpc. The Sérsic indices of the disk and outer disk components are fixed to 1. Other than Mrk 590, four field stars and one Sérsic galaxy near Mrk 590 were fitted simultaneously. Table A2 shows the best-fitting results for Mrk 590 imaged on SDSS coadds. Then, by performing φ8 ′′ .3 circular aperture photometry for PSF-subtracted SDSS coadd images, the host galaxy fluxes within the φ8 ′′ .3 circular aperture were evaluated as 3.373 and 7.538 mJy for the g-and r-band images, respectively. (Fig. A1) . The black circle is the φ8 ′′ .3 circular aperture. The parameters in square brackets are fixed. The zero AB magnitude is 30.000 mag (Annis et al. 2014) . The pixel scale is 0 ′′ .396 pixel −1 , and the angular scale of 0.495 kpc arcsec −1 is assumed.
